Abstract -This study focused on evaluating the user experience of the viewing-angle-dependent quality of computer and notebook displays. The tests were performed in a test lab using a notebook with a prismatic display and a computer monitor with a conventional LCD. The notebook display was tilted and turned during an image-quality test and tilted during an acuity test. On the computer monitor, the turn and tilt was simulated in the image-quality test, for checking the TCO requirements. The results from the image-quality test show that the parameter used in the TCO requirement, luminance ratio, would be a reasonable predictor of image quality. However, the experiment with the notebook display shows that, in general, this is not the case, especially for larger viewing angles where the physical characteristics do not show a gradual variation in luminance. Therefore, the luminance ratio in TCO requirements shall be used with caution. In addition, the results for the notebook display show that the visual acuity decreased faster with increasing viewing angle than predicted from the luminance decrease alone. This means that it will be harder to resolve small details and will, therefore, have a negative influence on the visual ergonomics.
Introduction
Notebooks have become lighter and more powerful, and, as a result, along with other reasons, have become very popular; so popular that they outsell the desktop computer. 1 They are used for various applications, such as web browsing, sending and receiving e-mail, office work, and home entertainment. However, despite significant improvements in several aspects, the notebooks cannot compete with desktop computer displays when it comes to visual ergonomic quality. The statistics of the TCO testing shows this very clearly. 2 The displays on notebooks are in general smaller and are design-compromised in several competing factors, where energy consumption is an important one. Since the notebook is a battery-dependent portable system, it is desirable that the notebook display consumes minimum energy. To achieve this, the backlight system is the most important part in the notebook display to optimize. At the same time, the display has to be bright enough in daylight or even in direct sunlight. This combination of conflicting requirements is a very challenging design task, especially if the weight of the computer needs to be low. In order to obtain a reasonable compromise, the color filters have to be less dense, i.e., less thick, which results in a reduced color gamut; see, e.g., Lee et al. (p. 170) . 3 Also, for the same reason, the light guide may have to be thinner than for larger LCD which may, in turn, worsen the color uniformity, luminance uniformity, and angular viewing quality. 2 How to achieve high brightness and homogenous luminance has always been an important issue in the optical designs of all types of backlight units (BLUs). The light guide is a key component for edge-lit BLUs because it directs lights from the edge to the top of the module by transforming the light from a line light source to a surface light source. This type of BLU is the most common for notebook computers and is more complicated compared to bottom-lighting BLUs and is usually not as high visual ergonomics, especially if only one light source is used and the thickness is critical. To try to use the backlight available in a more optimal way for notebook displays with edge-lit BLUs, it is possible to direct the light in the direction of the user and, at the same time, reduce the thickness and weight of the display by the use of one prism-pattern LCD light-guide plate (LGP) a instead of the usual two. However, this is often made at the expense of uniformity and angular-dependent characteristics if the optical design is not optimized. 4 The shape of the prisms reflects the light only in a few directions, and the other direction loses light. All this may change if more powerful light sources could be used, combined with denser color filters and better optimized BLUs. Statistics compiled from many desktop and notebook displays during TCO testing show a significantly poorer visual ergonomic quality of notebook displays compared to desktop displays. 2 It may therefore not be advisable to use these displays for an extended length of time if viewing at oblique angles and color critical tasks are performed, especially at a full day of office work. However, these displays will often be used for longer periods anyway; several hours are not unusual. This means that the visual ergonomics must still fulfill some basic require-ments. The visual ergonomic properties of LCDs have become better over the years mostly due to the TCO labeling. 5 In recent years, a new type of LGP for LCDs has been developed. The main feature of this new design is a prism effect, which is produced using v-cut grooves in the lightguide plate. These displays are called prismatic displays.
The advantage of this technique is that the notebook will be lighter, more battery efficient, and slimmer with brighter pictures seen from the direction of the main viewer (typically, the perpendicular viewing direction). The disadvantages are poorer angular-dependent visual ergonomic characteristics and luminance uniformity. The prismatic displays have had difficulties in passing the TCO requirements, mostly due to unfavorable angular-dependent characteristics. When a notebook is turned or tilted, and viewed from an oblique angle, the parts of the screen most oblique to the viewer appear darker, whereas parts less oblique to the viewer appear brighter. TCO has a requirement stating how large the ratio between the darkest and the brightest part of the display may be. One aim of this study was to verify this requirement and also investigate how predictive it is for the prismatic notebook technology. This study was initiated by the introduction of prismatic displays, which have a very angular-dependent behavior. However, it also became a study on angular dependency in a more general sense and is not so much tied to this specific technology. However, it was not as general as the studies by Teunissen et al., 6, 7 which includes color measurements and changes in a more systematic way compared with this study. They concentrated on displays for TV purposes and did not include notebooks displays. Another difference was that our study included a visual acuity test, which was not done in the studies by Teunissen et al. The work of Oetjen and Ziefle 8 included a notebook, but was more targeted towards performance than our study.
Approach
A major effect when viewing LCDs from a small-to-moderate angle is that the overall luminance is decreasing and that the screen is appearing brighter at the edge closest to the observer. We have noted this effect through measurements on many computer and notebook displays, and this observation formed a basis for the design of the angular-dependence experiment. Another important reason for the design of the experiment was to check the validity of the TCO requirements. In the TCO requirements, the luminance ratio between the luminance at the closest edge and the luminance at the furthest edge from the observer is used as characterization of the display angular performance, see Fig. 1 . This is defined as: L max /L min , where L max usually corresponds to the measurement points with the smallest angle, P R or P B in Fig. 1 , and L min corresponds to the points with the largest angle to the observer/user and the luminance meter, P L or P T in Fig. 1 (m d stands for the measuring distance). The expression L max /L min is often used as a figure of merit for contrast. However, in the case of luminance ratio, the measurements are made at locations on the screen that are far apart and with a 100% white test pattern, not a black and white as is common for contrast. The L max and L min are measured with a measuring angle of about 1°. In the latest TCO requirement, TCO Certified, 9 for notebooks the luminance ratio requirement is ≤2.2:1 and ≤2.5:1 for displays with a screen ratio ≥1.6, when the notebook display is turned. There is currently no luminance ratio requirement on the notebook displays in the tilt direction.
We have chosen to simulate the angular-dependence luminance effect on a high-grade computer monitor in one part of the test for mimicking the conditions that TCO requirements are based upon and then perform corresponding tests on a notebook computer screen, which was a notebook with a prismatic display. In the test on the computer monitor, two different sub-tests were performed. One imagequality acceptance test (Experiment 1A) and one Acuity test (Experiment 2A). In the test on the prismatic notebook display two different sub-tests were performed as well. One image quality test (Experiment 1B) and one Acuity test (Experiment 2B).
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General set-up
The experiment was set-up in an office room and adjusted to be as neutral in colors as possible. The selection of this particular room was a compromise, since it was provided by TCO Development and enabled the study easier access to a number of test subjects. The three windows in the room were covered with blackout cloth to seal out daylight. The color of the room was warm white and on one wall hung a beige curtain covering two drawers. A gray cloth was placed on the table. A wooden cabinet hung on the wall, on the far end of the table, where the computer monitor and the prismatic notebook were situated, see Fig. 2 . The ceiling of the room was not completely flat. One wall leaned because the room was an attic.
Lighting
The ambient light at the displays was produced by one highfrequency fluorescent tube with a color temperature of 6500 K in a luminaire, which was placed close to the ceiling. Further away from the displays was another fluorescent tube in a luminaire also placed close to the ceiling. The illuminance falling on the display center in the direction of the observer, during the acuity tests was about 360 lux on the computer monitor and 330 lux on the notebook display. The illuminance was about the same regardless of the height of the table and the tilt of the display because the lamps were located at a relatively long distance from the display.
The acuity test for the computer monitor was performed at a 4-m viewing distance and the luminance was also measured at this distance. Since the observer was sitting in another part of the room and at longer viewing distance the illumination was slightly different due to lamp positions. But since the central viewing was the same, we believe it had just a marginal effect on the results. This is also due to low diffuse reflectance of the display surface.
The illuminance at the computer-monitor surface during the image-quality test was about 140 lux and 110 lux at the notebook-display surface depending on the height of the table. The illuminance is almost uniform across the surfaces of the displays. The illuminance on the table in front of the computer monitor was about 380-420 lux and about 440-500 lux on the table in front of the notebook depending on the height position of the table.
The luminance ratio between the background and the active display screen should be about 1:3 according to IESNA (2000, pp. 11-17). The background to computer monitor luminance ratio was 1:3. The background luminance to the turned notebook display luminance ratio was 1:2.8 and background luminance to the tilted notebook display luminance ratio was 1:1.7.
Apparatus

Displays and computers
᭹ In Experiment A, a 21-in. TCO '03 compliant computer monitor with a resolution of 1680 × 1050 and a pixel pitch of 26.9 µm was used. The computer monitor was connected to a notebook, which was managed via a wireless mouse and a keyboard. ᭹ In Experiment B, a 15-in. prismatic notebook display with a resolution of 1280 × 800 pixels, giving a pixel pitch of 25.2 µm was used to present the test targets. It did not fulfill TCO requirement. The notebook computer was connected to a keypad, which was used for input by the test subjects. Since the pixel sizes are about the same, the same viewing distance could be used.
To calibrate the computer monitor and the notebook display to the color temperature of 6500 K, a GretagMacbeth Eye-One Match three-color management system was used. The luminance of the computer monitor was set FIGURE 2 -Pictures from the laboratory set-up. The picture in the upper row to the left shows most of the room with the computer monitor taken from about the position where the test subject was sitting for the acuity test. The middle picture in the upper row shows a test subject performing the image-quality test on the computer monitor and the picture to the right shows the same for the notebook. The lower row shows from left to right: a view through the head-and-chin rest, the acuity test on the computer monitor, and the acuity test on the notebook display.
to 180 cd/m 2 (lower than maximum luminance), but was reduced in one of the experiments, see below. The prismatic notebook was used at a maximum luminance of 169 cd/m 2 . The notebook display was measured using a PhotoResearch PR705 spectoradiometer. 10 
Chin rest
In the image quality part of Experiment B (referred to as 1B), an adjustable chin rest was used to fixate the test subjects' viewing angle and distance to the notebook display. The chin rest was mounted on a pivot stand for allowing adjustments of the height of the chin rest in a wide range to accommodate different heights of the test subject, see Fig. 2 .
Tables/chairs
The prismatic notebook and the computer monitor were placed on a table, which was electronically adjustable in height. Three adjustable chairs were used; one in front of the notebook, one in front of the computer monitor and one was used at a 4-meter distance in the acuity tests.
Test procedure
The test subjects were welcomed and asked to read the instructions as well as to answer a few questions. They were informed that the tests were voluntary and that they could stop at any time. They were screened for visual acuity and for color blindness. After the test, they were once again asked a few more questions. For more details of the test see Ref. 10 . The test subjects participated in two experiments, an image-quality test and an acuity test. The orders of the tests and the sub-tests were changed for test subjects taking the tests on different days to prevent any ordering effects to occur.
Test subjects
The subjects that participated in the experiment were recruited by TCO Development and mostly worked as representatives, consultants, engineers, administrators, physiotherapist, ergonomists, and handling officers. The total number of test subjects was 21, consisting of 10 females, and 11 males. The average age was 45 and the median age was 44. The test subjects were required to have normal vision, i.e., 1.0 (20/20) on the Snellen chart with correction if needed. Normal color vision was not required but it was tested with the Ishihara test. One person, who is color blind participated in the test. Since the ratings of the color-blind participant was not deviating from the majority it was decided to keep his/her ratings in the test.
Experiment 1 (image-quality) description
The image-quality test was performed using seven different color pictures. The pictures were cropped from larger highquality originals down to a width of 1280 pixels and height of 800 pixels, to fit the size of the laptop screen without scaling. On the computer monitor, the pictures were presented in the middle of the screen with a gray surround (gray value 128) on the area not covered by the pictures, see Fig. 2 . Two of these were used in the practice trials before the actual test, as shown in Fig. 3 . The other five pictures were judged on a five-point category scale: "Absolute Category Rating" (ACR), with the pro-verb: bad, poor, fair, good, and excellent (presented in Swedish to the test subject) (Fig. 4) , conforming to ITU-T P.910 (1999). 11 The pictures were shown by a program called AcrVqWin (Absolute Category Rating scale Video Quality test for Windows). 12 The FIGURE 3 -Pictures used in the practice trials of the image-quality test: "landscape 1" and "ducks."
FIGURE 4 -Pictures used in the image quality test: "hand," "map," "football," "house," and "landscape 2."
program showed the different pictures randomly. Two different ways were used depending on whether they were shown on the computer monitor or the notebook display. The differences are described below in "Experiment A" and "Experiment B". The data was recorded by the AcrVqWin program and stored in separate files.
Experiment 1A
On the computer monitor every picture was shown as six different versions of the original picture to simulate the differences in luminance over the image on common notebook displays at different viewing angles on a notebook. The computer monitors' settings was not manipulated during this test, i.e., the computer monitor had a luminance of 180 cd/m 2 , as described above. The pictures were recalculated to add a luminance gradient with different start/stop values in different directions. The luminance gradient goes either side to side or from top to bottom of the screen. The overall luminance of the picture was also reduced. Three versions of the pictures simulate three vertical viewing angles and are darker at the top of the screen and brighter on the bottom. Three other versions simulate three horizontal angles and are darker on one side and brighter on the other. The three different luminance gradients that simulate a certain angle, both vertical and horizontal, are 100-20, 120-30, and 150-50 cd/m 2 . This gives center luminance values of 60, 75, and 100 cd/m 2 as well as luminance ratios of 5, 4, and 3; see Fig. 5 for an example. Together with the six different versions of the original picture, the original version was also shown. Before the experiment started, the table was adjusted so that the eyes of the test subject were located at the center of the screen at a distance of 50 cm. The test subject was asked to sit in a comfortable way without moving their head too much. The chair was at a fixed position and the display itself has good angular characteristics that will not degrade the image when it is used as a one-user display viewed from straight in front of the display. Based on this and results from a study that specifically looked at the impact on video quality whether the head movements where controlled or not, which concluded that it did not affect the result in a significant way, see Ref. 13 . The head-and-chin rest was not used in this part of the test.
Experiment 1B
On the notebook the original version of the pictures were shown all the time, as shown in Fig. 3 and Fig. 4 . In this case the angle towards the test subject of the notebook display was changed. It was turned so that the viewing angles became 9, 15, and 30°both vertically and horizontally. The pictures were also shown at 0°. For the vertical tilt a angle meter made by Moagon was used to set the angle while a protractor was used to set the angle horizontally. In order for all the test subjects to have the same angle towards the display and not move their head a head-and-chin rest was used (Fig. 2) . Before the experiment started the table was adjusted so that the eyes of the test subject were located at the center of the screen at a distance of 50 cm. The pictures were rated as described above.
In addition, the test subjects were asked directly after completing all test images for one angle to set an overall score of the pictures for that angle on four different parameters on the category scales, contrast, color reproduction, naturalness, and overall impression. The scales translated from Swedish into English are shown in Fig. 6 . The test subjects could set their mark wherever they wanted on the scale.
Results
The results from the experiment on the computer monitor (experiment 1A) are described first. The opinion scores FIGURE 5 -Examples of simulated images shown on the computer monitor in Experiment A. In the top row, a horizontal turn is simulated with luminance ratios of 3, 4, and 5, taken from left to right. In the bottom row, the vertical turn is simulated using the same luminance ratios. given by the test subjects for each category of the ACR scale have been translated into a numeric opinion score according to poor = 1, bad = 2, fair = 3, good = 4, and excellent = 5. The scale is an ordinate scale and has been analyzed with a non-parametric method of Kruskal-Wallis. The data has also been analyses with ANOVA and the results for significant factors were the same, so the ANOVA results will be reported here. The result of the image-quality scores where the angular effect was simulated are shown in Fig. 7 . The mean opinion scores (MOS) for the different simulated distortion levels are plotted against their center luminance (left graph) and their luminance ratio (right graph). The error bar shows the 95% confidence intervals. The different simulated distortion levels were significant F(3, 66) = 137.19, p = 0.00 < 0.05. The different images were just under the significant level with F(4, 88) = 2.58, p = 0.04 < 0.05. A Tukey post-hoc test reveals that only the mean of the image "map" was significantly different from the mean of the image "football," but all the other means were not significantly different. However, there was no significant difference between the two directions (tilt and rotation). The graph in Fig. 7 shows the combined scores for the two directions and the different images. The dividing line between good and bad quality, i.e., opinion score 3 is falling at the center luminance of about 75 cd/m 2 , which is linked to a luminance ratio of 4. The tested notebook shows clearly different angular characteristics whether it is turned or tilted. This could be expected since the luminance characteristics become worse more quickly in the tilt direction, as compared to the turn direction, see Fig. 8 .
In Fig. 9 and Fig. 10 , the mean opinion scores for the notebook when it was turned and tilted, are plotted. In Fig. 9 the MOS are plotted against the angle in degrees. In Fig. 10 MOS are drawn against their center luminance (left graph) and the luminance ratio (right graph). The error bar shows 95% confidence intervals. The main effect of different angles were significant F(3, 66) = 127.0, p = 0.00 < 0.05 and the different directions F(1, 22) = 32.9, p = 0.00 < 0.05. The different images were also significant F(4, 88) = 9.23, p = 0.00 < 0.05, but a Tukey post-hoc test reveals that this was due to that the image "map" was significantly different than the other images. The two-way interaction between direction and angle was also significant F(3, 66) = 27.2, p = 0.00 < 0.05 as well as the three-way interaction between direction, angle and image F(12, 264) = 3.09, p = 0.00 < 0.05. The results indicate that the center luminance is a quite good indicator of the image quality with an almost linear or a simple monotonically decreasing function to the logarithm of the luminance. For the simulated images on the computer monitor, the MOS decreases in a similar way as the luminance ratio. For the notebook, the dependence of the luminance ratio was more complex. For small angles (less than 10°), and combined with that the luminance has not become too low, it could function as an indicator, i.e., the imagequality scores of the viewers decreases with increasing luminance ratio. However, it could also give a totally wrong conclusion if the luminance decreased substantially, as is shown by the lowest quality score for the notebook. Here, the luminance ratio was not that high (2.1), but the luminance of the notebook display had decreased to a very low value (10.2 cd/m 2 ), which made the image quality very bad anyway. Hence, the luminance ratio as such is not a good indicator for image quality.
The opinion scores were given after each image; then, in addition, after that each set of images had been scored for the notebooks, four category scales, i.e., for each angle, were also scored by the viewers, see Fig. 6 . The results were analyzed with ANOVA, with different scales and different angles as within factors. The main effect of scales and angles were significant with F(3, 60) = 14.1, p = 0.00 < 0.05 and F(6, 120) = 47.6, p = 0.00 < 0.05. Looking at the post-hoc analysis, it turns out that only the scale color reproduction was significantly different from the other three. The interaction between the scales and the angles was also significant F(18, 360) = 5.37, p = 0.00 < 0.05. The results are given in Fig. 11 and in Fig. 12 . These scores largely follow the behavior of the image-quality scores. The perceived contrast goes down both for the turn and tilt, but it decreases faster for the tilt directions as compared to the turn direction, which also seems to level off at the largest angles. The color reproduction were experienced as good for small angles, i.e., up to 9°f or both the turn and tilt direction, but when experience of the color-reproduction quality goes down drastically in the tilt direction for larger angles, it continues to be experienced as good or slightly below for the turn direction. There are similar trends for naturalness and overall impression. The turn directions decrease less than the tilt directions for large angles. Interesting to note is that the contrast, the color reproduction, and the naturalness levels off for the largest turn angle, but the overall impression was experienced as poorer than for the smaller angles.
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Experiment 2 (visual acuity)
Description
The acuity test was performed using Freiburg Visual Acuity Test (FrACT), 14 which is a Java-based program, which evaluates visual acuity and contrast sensitivity using presentations of Landholt-C's in different sizes and different contrast. In the acuity part of the program, the gaps of the Landholt-C's are randomly directed in four or eight different directions and presented on the computer screen. The test subject's task was to identify in which direction the gap of the Landholt-C was positioned. The response was given with the help of a numeric keypad. As the test subject pressed the correct button, the Landholt-C shrunk in size. A "Best PEST" algorithm was used. That means that the step size was a variable and became smaller the more it was known about the threshold. If an incorrect response was entered, a Landholt-C in larger size was presented next, using a staircase procedure for finding the size when the stimulus was just noticeable. The test subjects were asked to sit in a chair at a distance of 4 m from the computer monitor or the notebook display. This was used to obtain high-enough resolution per degree of visual angle. The computer monitor or notebook display that was not used was turned to the side in order not to disturb the test subject. The adjustable table was adjusted to the height of the test subject and a training run was performed.
Experiment 2A
The experiment on the computer monitor was performed at three different white luminance settings:~180,~120, and 65 cd/m 2 . The different luminance settings simulate loss of luminance at different viewing angles.
Experiment 2B
The experiment on the notebook display was performed at five different angels: 0°, 9°, 15°, and 30°horizontally and 9°, 15°, and 30°vertically (the notebook display was titled backwards).
Results
The effect on the viewers' visual acuity for the computer monitor and the notebook display is shown in Fig. 13 . To the left, the visual acuity as a function of screen luminance. The visual acuity is expected to have an almost linear behavior against the logarithm of the luminance. 15 For the computer monitor, the luminance had a significant effect on the visual acuity in the used range (65-180 cd/m 2 ), with F(2, 44) = 9.96, p = 0.00 < 0.05. A Tukey post-hoc analysis reveals that this was due to a luminance of 180 cd/m 2 , significantly different from the 120 and 65 cd/m 2 , which were not different from each other. For the notebook display, the acuity decreased faster than linear for decreasing log luminance. The main effect was significant F(3, 66) = 92.2, p = 0.00 < 0.05. A Tukey post-hoc test shows that an angle of 0°and 5°were not significantly different from each other but all the other angles were. At 15°which is currently the angle where the angular dependence is evaluated for notebook displays today in the TCO requirements, the average acuity decreased from 1.46 to 1.08, which is about a 25% decrease in visual acuity and at 30°the visual acuity has decreased by more than 50%.
Discussion
The ages of the test subjects were distributed quite evenly for people at an active working age and therefore the results will be representative for this group of people. The major part of the test subjects consisted of people aged from 40 to 68 years. At these ages, age-related problems with vision have usually begun, and, for example, people need more light and are more sensitive to stray light. Five visual dimensions that could decline with increasing age are: visual processing speed, light sensitivity, dynamic vision, near vision, and visual search. 16 
Image-quality test
The image "map" seems to have affected the observers a bit different than the other images. It is the only image with a slightly unusual motif, which could have been a bit more difficult for the observers to judge if it was degraded or not. It turns out that the MOS for this image also was slightly higher than the other, both on the experiment on the computer display as well as for the experiment on the notebook. The results indicate that the test subjects are more affected by the overall luminance change, which was also found in the study by Teunissen et al. 6, 7 They compared their findings to the commonly used contrast ratio, which is the ratio between a full-white and full-black screen. Normal practice is that when this contrast ratio is higher than or equal to 10:1, then the text readability is considered to be sufficient. They found that this measure was not really useful for characterizing angular-dependent picture quality.
Another thing that may affect the notebook, both turn and tilt, were that the hue could change and maybe even invert at larger angles causing the image to get lower scores at larger angles. By comparing the tilted and turned notebook display, it was possible to see that the hue changed faster when the notebook was tilted than if it was turned. This is a likely reason for why the tilted results are different from the simulated results, since the simulated pictures did not take the hue into consideration. The influence of the color as one of the more important physical parameters has been demonstrated by Teunissen et al. 6, 7 There were differences between viewing the simulated images on the computer monitor and the turned or tilted notebook display. The images shown had a slight geometric distortion on the turned or tilted notebook display, which was not experienced, by looking at the computer monitor. Turning or tilting the notebook display did only create a slight difference in illuminance on the notebook display because the general lighting is fixed and the distance between the notebook display and the lamps were not very large. The effect of the general lighting is proportionally larger at low display luminance, see further discussion below.
Visual acuity test
Although an ANOVA showed a significant main effect on the luminance change for the visual acuity computer monitor test only, one data point was significantly different from the other two. However, to find a trend here, there were too few data points compared to the notebook display. Data points at a lower luminance level would have been required, which unfortunately was not possible with the computer monitor used in this test because it could not be set to lower luminance levels. The notebook display test, on the other hand, shows that when the luminance drops below 65 cd/m 2 , the performance starts to decrease quite rapidly (see Fig. 14) , but could also depend on other factors as well, see below. In the higher luminance range from 168 to 65 cd/m 2 , on the other hand, the decrease in acuity is only 7%, which could be considered acceptable. In Fig. 14 data from the expected acuity dependence of background luminance has been included (green curve, triangular dots), 15 which here corresponds to the center luminance. Apart from that in our experiment, we register lower absolute acuity values: there was also a faster decrease in acuity compared to the reference data. This would make it harder to see small details than just the luminance falloff could explain.
One contributing factor could have been that for tilt angles larger than 9°(see Fig. 8 ), there was an increased ambient light that might have reduced the contrast.
Although, Teunissen et al. 6, 7 did not contain a study of the visual acuity, they point out that geometric distortion decrease the visual quality when viewed from an angle, particularly, larger than 65°. This might be another factor, combined with, e.g., increased black level and color changes, that makes the acuity decrease faster than expected, since the geometric distortion of Landholt-C might make it harder to see direction of the opening. However, the black levels were about 0.5 cd/m 2 at 0°and 0.7 cd/m 2 at 15°and the changes of the differences of ∆u′v′ were 0.012 between the left and right side for any of horizontal angle measured and less than 0.007 for any of the tilt angles measured. This means that the main contribution to the results were the changes in luminance.
The computer had a fixed position, and the illuminance on the display was constant. The illuminance was 140 lux at the computer monitor and 110 at the notebook display. If we assume, as an example, 10% diffuse reflectance r, which is quite high nowadays, the illuminance E would contribute to the luminance L from the display with about L = r ⋅ E/π. If we use the measured quantities, we will obtain 4.4 cd/m 2 for the computer monitor and 3.5 cd/m 2 for the notebook display. The real measured diffuse reflectance values were between 1% and 4%, depending on display, which would give a luminance contribution of less than 2 cd/m 2 . The gloss values were between 2.5 gloss units and 9 gloss units, but increase at larger angles to between 26 and 41 gloss units at 85°. This will further reduce the contrast, especially in the case when the notebook was tilted. This could be a contributing factor to the faster fall-off of the acuity performance. Although this is not part of the notebook itself, it is a realistic scenario that ambient illumination would decrease the contrast and therefore should be taken into consideration when optimizing the visual ergonomics of the computer working environment and displays. FIGURE 14 -Acuity plotted against center luminance in a logarithmic scale. As reference the expected acuity relation to the background luminance (green curve, triangular dots). 15 The luminance ratio (see Fig. 15 ) cannot be used as a predictor of acuity-based performance. One luminance ratio causes two completely different performances and it is, therefore, not possible to say that a certain luminance ratio increases or decreases performance.
Conclusions
It could be concluded that the image-quality rating decreases almost linearly or with a simple monotonic function with a decreasing logarithm of luminance or increasing luminance ratio (left versus right and top versus bottom) of the simulated images on the computer monitor. For the notebook display, the situation was a bit more complex. The perceived quality decreased monotonically with the angle, but it depended on whether the notebook display was turned or tilted. However, this is not surprising since the notebook display had a different luminance behavior when turned or tilted and the display was of a prismatic type. The viewer tolerate rather high luminance ratio for small angles, especially at about 9°. The experiment was set out to test whether the TCO requirement on the luminance ratio could properly account for the image-quality degradation when viewing a display from an angle. The simulated distorted images were the ideal case, which the luminance ratio covers and the results show that if the display behaves in this way, it would be a good indicator. However, the experiment with the notebook display showed that in general that this is not the case and it should thereby be used with caution.
The acuity drops due to the decreased luminance. Particularly at larger angles, it decreases faster than what could be expected from only a decreased luminance. This shows that viewing the display under oblique angles could have a substantial effect on the performance, when working with a notebook. Small details will disappear in darker regions, which will force people to move closer or change viewing angle. In the case of multiple viewers, the optimal viewing angle is compromised, which could potentially lead to negative physical effects.
